The conventional TiO 2 photoelectrode for water splitting was integrated with ordered mesoporous carbon material (CMK-3) and Au metal nanoparticles (NPs) to improve the photocatalytic efficiency under visible light irradiation. Compared to TiO 2 , Au/TiO 2 -CMK-3 photoelectrode demonstrated over two orders of magnitude enhancement of photocurrent under 532 nm laser irradiation due to the generation of hot electron and near field from Au NPs. Furthermore, the improvement of free carrier transport and additional long-wavelength absorption can be achieved by exploiting the superior conductivity and blackbody-like property of CMK-3. This proposed enhancement mechanism was proved by the measurements of photoluminescence emission spectrum and electrochemical impedance spectroscopy. V C 2015 AIP Publishing LLC.
Hydrogen generated from water in the presence of sunlight is a promising source of clean and renewable energy. Solar-driven water splitting involves the absorption of abundant sunlight by a semiconductor electrode to produce electron-hole pairs, followed by the oxidation and reduction of water to generate oxygen and hydrogen fuel. [1] [2] [3] Typically, solar-to-hydrogen conversion efficiency is mainly determined by three factors: the efficiency of incident light absorption, separation rate of electron-hole pairs, and free charge carrier transport. Since the first report of solar-driven photoelectrochemical energy conversion in 1972 by Fujishima and Honda, 4 titanium dioxide (TiO 2 ) has remained one of the most promising photoanode candidates for water splitting, because of its high chemical stability, strong optical absorption, and low cost. However, the large band gap (3.2 eV) of TiO 2 significantly reduces the effective utilization of visible light photons, thus limiting the solar conversion efficiency of TiO 2 to less than 2.2% under AM1.5 global solar illumination. [5] [6] [7] To address this concern, numerous studies have focused on modifying TiO 2 , including the surface decoration of semiconductor quantum dots (CdTe, CdS, and PbSe), 8, 9 ion implantation of atom dopants (Cu, N, and C), [10] [11] [12] and utilization of lanthanide upconversion nanoparticles (NPs). 13, 14 These techniques effectively extend the optical absorption band edge of TiO 2 to the visible light region. In addition, modifying the optical properties of TiO 2 by using noble metal NPs is another attractive approach to improve visible photon absorption from strong light scattering and plasmon-induced near field around NPs. [15] [16] [17] [18] [19] [20] Noble plasmonic metal NPs experience less anodic corrosion than do most semiconductor quantum dots. Furthermore, tunable interactions between incident visible light and excited plasmonic NPs are achieved by controlling their sizes, shapes, and the dielectric constant of the surrounding environment. 21, 22 Many studies have exploited these properties of plasmonic NPs, such as by applying them in surface-enhanced Raman spectroscopy, 23, 24 solar cells, 25 medicine, and photocatalytic chemistry. [26] [27] [28] Most previous studies have focused on improving the incident light absorption of TiO 2 , and free charge separation in photoelectrochemical water oxidation. However, charge carrier transport has been considered insufficiently. Improving free charge carrier transport through a semiconductor is crucial to reducing the recombination of free charge carriers within the semiconductor before they reach the electrolyte. [29] [30] [31] [32] To address the aforementioned light absorption and free charge carrier transport challenges, we used Au/TiO 2 -CMK-3 (mesoporous carbon material) to improve the performance of photocatalytic water splitting under visible light irradiation. CMK-3, one of the most widely known ordered mesoporous carbons, can be prepared using a nanocasting method with SBA-15 mesoporous silica as the template. 33, 34 In addition to the increase in solar energy conversion obtained from using Au NPs, integrating CMK-3 improves light absorption and free charge carrier transport in TiO 2 because of its blackbody-like absorption and high conductivity, resulting in a remarkable improvement of photocurrent response under visible light irradiation. A schematic of the experimental setup and the concept of a plasmonic Au/TiO 2 -CMK-3 composite photoelectrode are illustrated in Figure 1 . An additional improvement mechanism, hot electron generation from the decay of plasmon resonance, is expected from the use of the Au/TiO 2 -CMK-3 composite photoelectrode. 16, 35 These free hot electrons can be simultaneously transferred to the TiO 2 conduction band and conducted to the counter electrode with the assistance of the conductive CMK-3. To prepare the Au/TiO 2 -CMK-3 photoelectrodes, TiO 2 and CMK-3 were individually prepared by following steps. Titanium dioxide (TiO 2 ) was prepared via the traditional solgel process. 36, 37 Basically, 20 ml of n-propyl alcohol and 5 ml of titanium (IV) ethoxide (33%-35% TiO 2 , Acros) were mixed together in an ice bath, followed by the 12-h magnet stirring (1000 rpm). In order to obtain ordered CMK-3, we adopt the SBA-15 mesoporous silica template, which was synthesized by using tetraethyl orthosilicate (TEOS) as precursor and Pluronic P123 (Poly(ethylene glycol)-blockPoly(ethylene glycol)-block-Poly(ethylene glycol)-block) copolymer as a surfactant.
38 CMK-3 carbon was then obtained via the previous reported nanocasting procedures by using SBA-15 mesoporous silica as template and sucrose as the carbon source. 34, [38] [39] [40] Carbonization was operated at the temperature up to 800 C for 3 h under the argon atmosphere, which was followed by the leaching process with 1 wt. % HF at room temperature to obtain pure CMK-3 carbon material. The CMK-3 carbon powder was then added into the prepared TiO 2 sol-gel solution to form TiO 2 -CMK-3 colloidal suspension solution with the CMK-3/TiO 2 mixing ratio of 0.04, which was deposited on top of ITO substrate by spin-coated method. The plasmonic layer of Au NPs was prepared by the standard sputtering process on top of TiO 2 -CMK-3 surface, followed by the annealing process at 450 C for 4 h under Ar atomosphere. The as-prepared sample was labeled as the Au/TiO 2 -CMK-3 photoelectrode. The similar procedure was also employed to prepare TiO 2 -CMK-3 and TiO 2 -CMK-3/Au samples. The photocatalytic performances of these samples were conducted in the 1 M NaOH solution with three-electrode configuration. The Ag/AgCl electrode and graphite electrode were used as reference and counter electrode, respectively. The 532 nm ALPHALAS green solid laser irradiation was employed as single wavelength visible light source in this study. Morphology and microstructure were investigated using a high resolution transmission electron microscope (HRTEM; JEOL JEM-2100) and field emission scanning electron microscope (SEM; S-4800, HITACHI); the ordered arrangement of the CMK-3, SBA-15 silica, and the crystallinities of TiO 2 were examined by X-ray diffraction (XRD; D8 SSS, Bruker); UV-Visible spectroscope (UV-Vis; Lambda 650 S, PerkinElmer) was employed to characterize the plasmon absorption of these photoelectrodes. The specific surface areas were calculating by the Brunauer-Emmett-Teller (BET) method, and the pore size distributions presented in this paper, calculated from an adsorption branch of the isotherm by the BarrettJoyner-Halenda (BJH) model. Finally, we used electrochemical analyzer (CHI 6273E) to conduct the measurement of photocurrent response and electrochemical impedance spectroscopy (EIS) to understand the charge transfer property at the interfaces, which were recorded at DC potential of 1.23 V vs. RHE and an AC potential frequency range of 100 000-0.01 Hz with an amplitude of 1 V.
The crystalline structure of TiO 2 materials was revealed from the HRTEM image and selective area electron diffraction (SAED) shown in Fig. 2(a) . TiO 2 is fully crystalline with lattice spacing of 3.5 Å , which corresponds to the (101) plane of anatase TiO 2 . The average crystallite size was determined approximately 4-6 nm. Fig. 2(b) showed the HRTEM image of CMK-3, which displayed an intact long-range periodic order with hexagonal symmetry. The mixture configuration of TiO 2 -CMK-3 was presented by the SEM image and bright-field scanning transmission electron microscopy (BF-STEM) image of TiO 2 -CMK-3 with its corresponding Energy-dispersive X-ray (EDX) mapping, as shown in Figs. 2(c) and 2(d), respectively. C, Ti, and O atoms were found to distribute uniformly in the TiO 2 -CMK-3 matrix, indicating that the mesoporous CMK-3 was embedded well in the TiO 2 . The small angle XRD measurements of SBA-15 template and CMK-3 carbon were carried out for further confirmation of the ordered mesostructures. The strong (100) reflection and very weak (110) and (200) reflections, observed in the range 2h angles of 0.8 to 2.5 shown in the Fig. 2(e) , are characteristic of the p6 mm hexagonal symmetry of mesoporous CMK-3. This result indicated that the high ordered CMK-3 carbon materials were synthesized through the hard template method, possessing the same mesoporous structure with SBA-15 as well. Moreover, we also examined the crystallinity of the plasmonic gold NPs underneath and on top of TiO 2 after the post annealing process. According to the XRD pattern presented in Fig. 2(f) , the characteristic pattern of the Au face-centered cubic (fcc) structure was observed from these diffraction peaks at 38.18 , 44.39 , 64.57 , and 77.54 , indexed to the Au (111), (200), (220), and (311) planes, respectively. More material characterization and experiment condition can be found in the supplementary information. (see Fig. S1 in the supplementary material) 41 BET analysis was employed to characterize the pore size distribution and surface area of TiO 2 and TiO 2 -CMK-3 materials. The N 2 adsorption/desorption isotherms (77 K) for TiO 2 and TiO 2 -CMK-3 were shown in Fig. 3 . It presented a common type-IV isotherm with a broad hysteresis loop, which are the typical characteristics of capillary condensation in mesoporous channels. This result suggested that the specific surface area of TiO 2 -CMK-3 was greatly increased from 389 m 2 g À1 to 747 m 2 g À1 due to the integration of CMK-3. Furthermore, the changes of pore volume and the pore diameter were calculated with BJH method, which are increasing from 0.4 to 0.9 cm 3 g À1 and 3.4 to 4.1 nm, respectively, with the formation of TiO 2 -CMK-3 composite materials.
In order to identify the plasmon resonance property, UVÀVIS spectra were carried out for these photoelectrodes shown in Fig. 4(a) . Pure TiO 2 showed a typical absorption band edge at 390 nm. With the integration of CMK-3, TiO 2 -CMK-3 composite presented a significant photon absorption improvement in the spectrum range of 380-800 nm. It is suggested that CMK-3 belongs to blackbody-like materials, possessing the substantial photon absorption over broad wavelength ranges. Furthermore, with additional Au NP layer, both Au/TiO 2 -CMK-3 and TiO 2 -CMK-3/Au photoelectrodes exhibited the stronger visible light absorption than TiO 2 -CMK-3 and TiO 2 only with a pronounced plasmon resonant absorption peak at the wavelength of 550 nm. Especially for Au NPs deposited on the top, the plasmonic absorption effect became significantly obvious compared with that of underneath TiO 2 -CMK-3, because of the more direct incident light interaction with Au NPs on the top of sample surface. The inset visual image in the Figure 4 showed the corresponding color changes of these plasmonic samples due to the different dielectric properties of the surrounding medium of Au NPs. The single layer of Au NPs and CMK-3 was also provided in this work (see Fig. S2 in the supplementary material) 41 The photocatalytic performances of water splitting for these composite photoelectrodes have been performed under the 532 nm laser irradiation. Figs. 5(a)-5(d) showed a set of I-V curves from samples of TiO 2 , TiO 2 -CMK-3, TiO 2 -CMK-3/Au, and Au/TiO 2 -CMK-3. There is no pronounced photoresponse of TiO 2 phototelectrode under the 532 nm laser irradiation due to its large band gap. Fig. 5(b) showed the increase of photocurrent with the presence of CMK-3, resulting from the blackbody absorption of CMK-3. Furthermore, with the integration of Au NPs, TiO 2 -CMK-3/ Au presented approximately 20 times higher photocurrent response than TiO 2 -CMK-3 only at the bias voltage of 0.7 V. However, the highest water splitting photocurrent response is obtained at the sample of Au/TiO 2 -CMK, which demonstrated over 35 times of magnitude photocurrent enhancement than TiO 2 -CMK-3 photoelectrode at 0.7 V. This results are consistent with the observations of the UV-Vis absorption spectra, which showed the same absorption order of Au/TiO 2 -CMK-3 > TiO 2 -CMK-3/Au > TiO 2 -CMK-3 > TiO 2 , contributing from the plasmon resonance enhancement in TiO 2 -CMK-3 matrix. To further investigate the photocatalytic activity of these three photoelectrodes, we also examined the photocurrent responses under relatively low applied potential of 0.05 V with 20 s laser irradiation period showed in Fig. 5e . Similarly, even with such a low bias voltage, Au/ TiO 2 -CMK-3 exhibited superior photocurrent response than any other samples. Again, this result is due to the incorporation of the hot electron and near field effect from resonant Au NPs working together with the electron transport boost from CMK-3 in TiO 2 matrix. We also performed the white light measurement under this low bias, which showed more than two orders of magnitude photocurrent enhancement than single wavelength 532 nm irradiation. (see Fig. S3 in the supplementary material) 41 In addition, compared to the TiO 2 only sample, the turn-on potential of Au/TiO 2 -CMK is shifted about 0.05 V to lower potential, thus improving the photocurrent at lower bias voltage. Finally, the stability of the best performance photoelectrode, Au/TiO 2 -CMK-3, was examined under the 532 nm irradiation for 1 h. At the applied voltage of 0.5 V, the photocurrent decreased and then stabilized at 73% of its initial current shown in Fig. 5(f) .
To study the improvement from plasmon-induced the near field, the photoluminescence (PL) emission spectrum was performed to examine the recombination rate of photogenerated electron and hole pairs. CMK-3, which exhibited a consistent near-band-edge emission with previous studies under 263 nm (4.71 eV) UV excitation. [42] [43] [44] Au/TiO 2 -CMK-3 displayed the lowest PL intensity, suggesting the significant suppression of electronÀhole recombination from the existence of plasmonic Au NPs. We also performed additional PL spectra by using different excitation wavelength (see Fig. S4 in the supplementary material) . 41 Finally, we also conducted the measurement of electrochemical impedance spectroscopy (EIS) to understand the charge transfer at the interfaces, which were recorded at DC potential of 1.23 V vs. RHE and an AC potential frequency range of 100 000-0.01 Hz with an amplitude of 1 V. Similarly, smallest semicircle occurred at the sample of Au/TiO 2 -CMK-3 shown in Fig. 5(h) , which indicated lower transport impedance for free charge carriers from the surface of photoeletrode to electrolyte. The result implied that the CMK-3 not only improved the conductivity of TiO 2 -CMK-3 matrix for the hot electron transport but also provided an additional transmission channels for the exchanges of ionic electrolyte at the surface of the photoelectrodes. Furthermore, in order to demonstrate that most of the photocurrent response is due to photocatalytic water splitting reaction, we also performed hydrogen production evaluation by using gas chromatography (GC) (see Fig.  S5 in the supplementary material). 41 In conclusion, the photoelectrochemical water splitting performance has been greatly improved under visible light irradiation by incorporating mesoporous carbon CMK-3 and Au nanoparticles. The light adsorption was extend to visible light with integration of CMK-3 and further strengthened at $550 nm with the plasmonic Au nanoparticles modifications. The best photocatalytic activity was found in the Au/TiO 2 -CMK-3 configuration. The photocurrent of Au/TiO 2 -CMK-3 was demonstrated 35 times and two orders of magnitude higher than that of TiO 2 -CMK-3 and TiO 2 only at the bias voltage of 0.7 V, respectively, attributing to the hot electron production and plasmon-induced near field of Au NPs as well as the improvement of free carrier transport from CMK-3.
